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INTRODUCTION
Gasoline engines are the dominant power plant for passenger cars due to their low emission and superior performance. In order to meet the new legislation on CO 2 emission and fuel economy being introduced in Europe, US, Japan, China and many other countries, it is imperative to improve the efficiency and reduce fuel consumption of gasoline engine powered vehicles. It is known that the poorer fuel economy of the gasoline engine is caused by operating at a lower compression ratio in order to avoid knocking combustion at full load and with the stoichiometric air/fuel ratio for stable combustion and efficient aftertreatment. However, as the engine in a passenger car is operated at part-load in most driving conditions, the pumping loss of the gasoline engine at part-load has the most significant effect on the overall fuel economy. In addition to engine downsizing, Variable valve actuation (VVA) technology is considered as one of the key engine technologies by the automotive industry due to its potential for improved performance, better fuel economy and lower emissions through both optimised gas exchange and advanced combustion technologies. The simplest and most widely used VVA technology is the Variable Valve Timing (VVT) system. Combined with optimized cam profiles, VVT has been used to achieve improved gasoline engine performance and lower exhaust emissions. In addition, the cam profile switching (CPS) device has been developed and applied to some high performance gasoline engines, which allows a switch between two discretely different cam profiles optimized for better fuel economy at low load and high load performance respectively. By the end of 1990's, mechanical fully variable valvetrains were developed, e.g. BMW Valvetronics system [1] and several other manufacturers have developed their own continuous variable mechanical valve lift devices over the last few years [2] [3] [4] [5] . More recently, Fiat introduced the most flexible production VVA system, the electro-hydraulic actuated multi-air VVA, in their production engines. The multi-air VVA enables the intake valve lift and timing to be varied continuously during the intake process. It is also capable of opening the intake valve during the exhaust stroke. Those variable valve lift/timing devices enable the unthrottled engine load control to be realised by using intake valve throttling. In the meantime, camless valvetrains, such as electro-magnetic and electro-hydraulic valve system, have been developed mostly for single cylinder engine studies in the laboratory environment [6] [7] [8] .
The development and application of VVA technology has enabled new engine cycle and combustion processes to be investigated and evaluated for improved fuel efficiency and lower exhaust emissions. One of the most significant combustion processes is the Controlled Auto-ignition (CAI) or HCCI combustion [9] . Many approaches have been attempted to achieve CAI operation on the four-stroke spark ignition engines, such as intake air heating, high compression ratio, dual fuel, recycling the exhaust gas, and so on [10] . Amongst these approaches, internally recycling the exhaust gas has been proved most effective in achieving CAI combustion in the 4-stroke cycle. Lotus Engineering demonstrated the operational range of CAI through residual gas trapping in a single cylinder gasoline engine and mode switches between SI and CAI combustion using their fully flexible AVT camless system [11] . AVL demonstrated that CAI/HCCI combustion could also be realised in a direct injection gasoline engine by exhaust gas rebreathing using a set of electro-hydraulic valves to reopen the exhaust valve during the intake process [12] . FEV presented and discussed the fuel consumption and emissions of different exhaust gas recirculation methods achieved by an electromechanical valvetrain [13] . In order to extend the load range of CAI combustion for automotive applications, 2-stroke CAI combustion in a 4-valve direct injection gasoline engine was proposed and researched [14] . In order to overcome the high HC and CO emissions and durability issues associated with the conventional crankcase scavenged 2-stroke engines, the 2-stroke poppet valve engine has been developed using the same engine architecture as the current 4-stroke engine, as part of a consortium in developing 2/4 stroke switchable engine technologies through engine downsizing [15] . In addition, direct fuel injection is applied to avoid short-circuiting fuel during the scavenging process. Controlled Auto Ignition is initiated by residual gases trapped in the cylinder through incomplete scavenging, which is inherent to the 2-stroke operation.
In this paper, the 2/4 stroke switchable single cylinder direct injection gasoline engine and its instrumentation will be presented first. This is followed by a description of the 7 different engine operating modes that were implemented and tested at a typical operation condition of 1500rpm at 3.6bar IMEP in 4-stroke or 1.8bar IMEP in 2-stroke cycle. The incylinder pressure measurement and exhaust emission analysis are presented and discussed for the 7 operating modes.
EXPERIMENTAL SETUP
The engine used in this work is a single cylinder gasoline engine as shown in Figure 1 and its specifications are given in Table 1 . Four electro-hydraulic actuators are installed on the cylinder head to enable independent control of the timings and lifts of the 4 valves. They are supplied with hydraulic fluid at 100bar by a high pressure hydraulic pump system. The fuel is injected directly into the cylinder by a Denso slit-type injector mounted under intake ports at an injection pressure of 100bar. The cylinder head features vertical intake runner and ports so that a reversed tumble flow can be set up in the cylinder. The reversed tumble forces the intake air to enter the combustion chamber on the opposite site to exhaust valves and reach exhaust valves at the end of its rotation in order to avoid the air shortcircuiting during the intake and exhaust valve overlap period during the 2-stroke cycle operation. An instantaneous fuel flow meter is installed between the high pressure fuel pump and injector for the measurement of fuel flow rate. An external supercharger system is connected to the engine's intake system to supply the compressed air at a pre-set boost pressure and temperature through closed loop control of heaters and heat exchangers. A laminar air flow meter is installed in the engine's intake system to measure the intake mass flow rate. The intake and exhaust pressures were measured by two piezo resistive pressure transducers. Exhaust emissions were measured by a Horiba 7170DEGR system which sampled the exhaust gases from the exhaust manifold. The instantaneous in-cylinder pressure was measured by a piezo-electric pressure transducer and pegged onto the intake pressure at Intake Valve Closing (IVC), and then the heat release and combustion characteristics could be calculated and displayed on-line using an in-house Labview data acquisition and combustion analysis programme. The engine is mounted on a dynamic engine testbed with fully automated coolant and oil conditioning circuits and driven by an AC motor so that both motored and fired operation could be performed. The engine brake torque was measured by a torque transducer installed on the dynamometer. Uncertainties of all measurement variables are listed in Appendix.
OVERVIEW OF THE ENGINE OPERATING MODES
In this work, seven engine operation modes were achieved through different combinations of valve timings and durations. Figure 2 shows the valve timings and injection timings used in different operation modes. In addition, during the 4-stroke mode operations, the supercharger was turned off and the intake air was drawn from ambient. For the 2-stroke mode operations, the compressed air supply from the supercharger was connected to the intake system to provide the boost air.
MODE 1: 4-STROKE THROTTLE-CONTROLLED SI MODE
This is the conventional spark ignition mode used in the production gasoline engine. Engine load is controlled by the throttle opening, and its combustion process is initialized by the spark discharge followed by flame propagation. The engine was operated in this mode to obtain the baseline data. At part load, the partially closed throttle results in significant increase in the pumping loss, the main cause for the poor fuel economy of current SI gasoline engines. In this engine operation mode, the fuel was injected earlier in the intake stroke to obtain a homogeneous mixture. To prevent wetting the piston crown, the start of injection timing used in this paper was set to 300 deg. CA before combustion Top Dead Centre (TDC).
MODE 2: 4-STROKE INTAKE VALVE THROTTLED SI MODE
In order to reduce the pumping loss caused by the partially closed intake throttle at part load, intake valve opening duration can be used to regulate the amount of air into the cylinder with Wide Open Throttle (WOT). In this work, the intake valve opening (IVO) was fixed at normal timing and the intake valve closing (IVC) was varied to throttle the intake air flow.
MODE 3: 4-STROKE POSITIVE VALVE OVERLAP SI MODE
In this case, IVO takes place before TDC and EVC after TDC to create a positive overlap between the intake and exhaust valve opening period. As the intake valve opens in the exhaust stroke, a portion of exhaust gas enters the intake port and will sucked back into the cylinder in the intake stroke. The exhaust valve closes after TDC so that some exhaust gas will be sucked back into cylinder. In this work, the intake and exhaust valve lifts were reduced to 3mm to avoid the contact of the piston and valves around the gas exchange TDC. The intake throttle was used as the principal means to control the engine load but it was adjusted to a wider opening position than that of 4-stroke throttlecontrolled SI operation in order to trap the correct amount of air in the cylinder with the recycled exhaust gas present.
MODE 4: 4-STROKE NEGATIVE VALVE OVERLAP CAI MODE
Another way to obtain internal EGR is to trap a portion of the burnt gas in the cylinder by earlier closing of the exhaust valve. To minimize backflow the intake valve opening is retarded. A negative valve overlap period is formed and the residuals are recompressed around the gas exchange TDC. In this case, intake air flow rate is dependent on the amount of the trapped residuals, which can be controlled by varying exhaust valve closing. Therefore, the throttle can be kept wide open and hence the pumping losses reduced. As the exhaust valve closes earlier, the fuel injection timing can be advanced into the exhaust stroke for better evaporation and atomization. In this work, the start of fuel injection timing was fixed at 440deg CA before combustion TDC.
MODE 5: 4-STROKE EXHAUST REBREATHING CAI MODE
Another way to obtain the internal EGR is to secondarily open the exhaust valve during the intake stroke, so a portion of the exhaust gas can be sucked back into the cylinder from the exhaust manifold. This increases the challenge to the valve system as the exhaust valve needs to open twice within one engine cycle. To achieve this valve event, in this work, the two exhaust valves were actuated individually. One exhaust valve opened as normal and the other one in the intake stroke. The air flow rate in this mode was also controlled by the intake valve duration with WOT.
MODE 6: 2-STROKE CAI MODE
The engine was switched to the 2-stroke cycle operation by opening both intake and exhaust valves around BDC in each crankshaft revolution. The boosted intake air forces the exhaust gas out during the valve overlap period through the so-called scavenging process. By altering the valve overlap period, the scavenging efficiency and hence the amount of residual gases trapped in the cylinder can be varied. In order to achieve CAI combustion in this work, exhaust valves were closed earlier so that the scavenging process was less complete and more residual gases were trapped in the cylinder. In this operation mode the engine load was determined by the boost pressure. Fuel was injected after the exhaust valve closing and before the intake valve closing for better mixing through longer mixture preparation period and the interaction between the intake air and fuel injection. The start of injection timing was set to 140deg CA BTDC.
MODE 7: 2-STROKE SI MODE
As a basis for comparison, the 2-stroke SI mode was also studied in this work. It was realised by extended exhaust period to maximise the scavenging efficiency. Engine loadwas also determined by the boost pressure. As less burnt gas was retained in the cylinder, the boost pressure requirement was reduced at the same engine load compared to the 2-stroke CAI mode.
RESULTS AND DISCUSSION
In order to compare the results in different operating modes, the engine was operated at a typical part-load operation condition of 3.6bar IMEP at 1500rpm in 4-stroke cycle. In the case of the 2-stroke cycle, the equivalent condition will be 1.8 bar IMEP at 1500rpm if the 4-stroke engine is replaced with a 2-stroke cycle engine of the same displacement volume. In this case, all 7 modes will be characterized with the same power output and their in-cylinder pressure traces are grouped together in Fig.3a . Alternatively, since the 2-stroke cycle operation can produce twice as much the power of the 4-stroke cycle engine of the same displacement volume, it will be advantageous to replace the 4-stroke engine with a 2-stroke engine of the half of the displacement volume following the engine downsizing route. In this case, the equivalent load point will be 3.6 bar IMEP at 1500rpm. Fig.3b shows the corresponding in-cylinder pressure traces of the 7 operation modes at 3.6bar IMEP.
In all 4-stroke engine experiments, the air fuel ratio was measured by a lambda sensor in the exhaust port and maintained at stoichiometric according to the lambda sensor output. In the case of spark ignition combustion operations, MBT was determined for each condition and their values are given in Table 2 . In the case of the 2-stroke cycle operations, fuel rich combustion was detected due to the presence of air short-circuiting when the closed-loop stoichiometric control based on the exhaust lambda was applied [16] . Thus, intake pressure was increased to achieve the lowest fuel consumption in the 2-stroke cycle operations, which were found to operate with near stoichiometric incylinder air and fuel mixtures [17] .
First, it is noted that there are significant differences in the in-cylinder gas pressure in the compression stroke as different amount of charge is present in the cylinder. It can be seen from Fig. 3a that the pressure value of the 3 CAI operations (4-stroke Exhaust Rebreathe, 4-stroke Negative Valve Overlap and 2-stroke CAI) are higher than those of SI operations due to the presence of the residuals in the cylinder. Compared with the 4-stroke negative valve overlap CAI combustion, the 4-stroke rebreathing CAI operation has longer valve durations. Therefore, more charge is inducted into the cylinder because of the inertia of the intake air and burnt gas flow. In the case of 2-stroke CAI operation, the charge in the cylinder is less than that of 4-stroke CAI due to the shorter effect compression stroke caused by the scavenging. In SI operations, 2-stroke SI and 4-stroke Positive Valve Overlap were unthrottled and the residuals were present. As a result, their pressure values were higher than the 4-stroke throttled SI and Intake Valve Throttled SI. In the case of operations at the same IMEP value, Fig.3b , the pressure during 2-stroke CAI compression stroke became higher as some of the residual gases were replaced by the fresh air, of which the specific heat ratio is higher than that of burnt gases. However, in 2-stroke SI operation, the compression pressure remained the same as that of 1.8bar IMEP, indicating the amount of gas charge in the cylinder didn't change but the composition ratio did and the injection quantity was doubled compared to 1.8bar IMEP case.
The heat release rates in each operating mode also reflect the difference between combustion processes taking place in the cylinder. As shown in Fig.4a and Fig.4b , CAI combustion is characterized by a faster and higher heat release rate than the SI combustion in both 2-stroke and 4-sstroke operations as multipoint autoignition combustion takes place in the cylinder. In addition, 2-stroke CAI combustion occurs earlier than the 4-stroke CAI combustion because of the higher temperature of the residual gases due to the shorter period of heat transfer in the 2-stroke cycle. In the 4-stroke rebreathing CAI operation, the burnt gas in the exhaust port was sucked back in the cylinder. The residual gas temperature was lower than that of 4-stroke NVO CAI. As a result, the start of combustion and heat release process were later than that of 4-stroke NVO CAI. Furthermore, there is little difference between the 4-stroke throttled SI and 4-stroke intake valve throttled SI operations.
GAS EXCHANGE EFFICIENCY
The pressure-volume diagrams are shown in Fig. 5 for the seven operation modes at the same power output. As mentioned previously, in the conventional throttle controlled SI mode, higher pumping work occurs as a vacuum is created in the intake system at part-load by the partially closed throttle. To quantify the pumping work in the seven operating modes, Pumping Mean Effective Pressure (PMEP) was calculated from the in-cylinder pressure data during the gas exchange process. As shown in Fig. 6 , when the throttle is replaced by the intake valve to control the engine load, PMEP is reduced by 0.2bar, which contributes 4% gain in gas exchange efficiency as shown in Figure 7 . The PMEP is further reduced in the 4-stroke positive valve overlap SI mode. In the 4-stroke negative valve overlap mode, PMEP slightly increases due to the heat loss during the recompression process. The PMEP of the 4-stroke exhaust rebreathing mode is the lowest because of almost zero intake and exhaust pressure difference. Therefore, the gas exchange efficiency is nearly 100% in this mode. In 2-stroke operation modes, the pumping loss during the gas exchange process is zero, but the energy consumed by the supercharger is calculated and included in the Friction Mean Effective Pressure (FMEP) shown in the section of Mechanical efficiency and Brake Specific Fuel Consumption.
COMBUSTION EFFICIENCY
The combustion efficiency has been calculated from the fuelling rate and emissions data (the equations are shown in Appendix) and shown in Fig.8 in order to understand the effect of gas exchange and mixture in different operation modes on the completeness of combustion. It can be seen that the combustion efficiency of 4-stroke intake valve throttled SI is lower than that of the other four 4-stroke modes due to the lower in-cylinder temperature which reduces combustion speed and increase combustion duration, which seems to be supported by the higher CO emission measured in this operating mode.
In the 4-stroke exhaust rebreathing mode, the exhaust gas is sucked into the cylinder during the intake stroke. This upsets the air motion produced from the vertical intake port and reduces the intensity of mixing process in the cylinder, which results in inhomogeneous mixtures and hence higher CO emission seen in Fig.9 as well as the second lowest combustion efficiency amongst 4-stroke modes. Combustion efficiency of the 4-stroke negative valve overlap is the highest because of the longer mixing time after the early fuel injection in the exhaust stroke, as well as the higher charge temperature.
The 2-stroke spark ignition combustion at both part-load conditions has the lowest combustion efficiency amongst all operations. This is caused by less mixing time and inhomogeneous mixture due to the retarded injection timing at 140 deg. CA BTDC as well as incomplete flame propagation combustion in the presence of a certain amount of residual gases, which is evidenced by the highest CO and uHC emissions in Figure 9 . However, the CAI combustion in the 2-stroke cycle leads to significant improvement in the combustion efficiency over the SI combustion because of the better atomization and evaporation of the fuel injected in the hot atmosphere in the cylinder and its fast heat release rate, which results in much lower CO and uHC emissions as well. Figure 10 shows the gross indicated thermodynamic efficiency of the seven modes, which is calculated from the ratio of the gross work in the compression and expansion stroke to the heat released from the combustion process (The equation is shown in Appendix). A lot of factors can affect the thermodynamic efficiency of the internal combustion engine, such as the effective compression ratio, expansion ratio, combustion phase and duration, specific heat ratio and heat transfer to the wall. The results show very similar thermodynamic efficiencies between 4-stroke throttle controlled SI and intake valve throttled SI mode, since their combustion phase and duration are almost identical as shown in Figure 4 . In 4-stroke positive valve overlap SI mode, the presence of burnt gas slows down the flame propagation speed and hence the lower thermodynamic efficiency. Figure 4 also shows that the combustion duration of 4-stroke negative valve overlap CAI and exhaust rebreathing CAI modes are shorter than that of 4-stroke SI mode, which tends to increase the thermodynamic efficiency of such operating modes as the heat addition process becomes akin to the constant volume process. In addition, low combustion temperature in the CAI modes also contributes to the high thermodynamic efficiencies seen for such operations.
THERMODYNAMIC EFFICIENCY
In 2-stroke cycle modes, the low thermodynamic efficiency is mostly caused by the low effective expansion ratio due to the early opening of the exhaust valves. This suggests that it may be possible to improve the thermodynamic efficiency of such 2-stroke mode by increasing the expansion process through retarded exhaust opening. Such change may not be desirable for the SI combustion due to the deteriorating scavenging process but it could be implemented for CAI combustion which relishes the presence of hot residual gases. In the 2-stroke CAI mode, the combustion occurs too early, which is reflected by the CA50 shown in Figure 11 and leads to the low thermodynamic efficiency.
NET INDICATED EFFICIENCY
Combining the efficiencies above, the net indicated efficiency can be worked out and their values are shown in Figure  12 . Figure 13 shows the Indicated Specific Fuel Consumption (ISFC) of the seven operating modes, which is calculated from the ratio of fuelling rate to the indicated power.
In 4-stroke modes, the net indicated efficiency of the throttle controlled SI is the lowest due to the high pumping loss and low thermal efficiency, hence the higher fuel consumption. Intake valve throttled SI mode increases the net indicated efficiency by less than 1% at this operating condition since the reduced pumping work is offset by the reduction in the combustion efficiency. With reduced pumping loss, 4-stroke positive valve overlap SI mode exhibits the same indicated efficiency as the 4-stroke negative valve overlap CAI mode. 4-stroke CAI operation with exhaust rebreathing shows the highest net indicated efficiency and thus the lowest fuel consumption, due to the absence of pump loss and faster combustion.
The 2-stroke SI has the lowest indicated efficiency of the seven operation modes due to its low combustion efficiency and thermodynamic efficiency. At the same power output, the Indicated efficiency in the 2-stroke mode is lower than that of the 4-stroke due to the lower expansion ratio. But at the same IMEP, the highest indicated efficiency and hence the lowest ISFC are obtained with the 2-stroke CAI combustion, as shown in Fig.12 (b) and Fig.13 (b) .
EMISSIONS
As shown in Figure 9 , CAI combustion generates similar CO or HC emissions to those of SI operations. High CO and HC emissions are mainly caused by the poor mixing or substantial diffusion combustion from any liquid fuel film formed on the piston crown. It is noted that as the injection takes place earlier CO emissions tend to fall due to the longer mixing period. There is no obvious evidence in fuel short-circuiting in the 2-stroke modes as was the case of conventional port injected 2-stroke engine operations.
NOx emission data in Figure 14 shows that 4-stroke intake valve throttled SI combustion produces slightly lower NOx emission owing to the lower in-cylinder temperature of the shorten compression process by the retarded intake valve closing time. Because of the presence of a large quantity of recycled burnt gas, the NOx emission is significantly reduced in both 4-stroke CAI modes as well as the 2-stroke SI and CAI modes.
MECHANICAL EFFICIENCY AND BRAKE SPECIFIC FUEL CONSUMPTION
Friction Power (Pf) calculated from the difference between engine brake output and indicated output is shown in Figure 15 . For 2-stroke operation modes, the work consumed by the supercharger for scavenging is calculated from the pressure difference between the inlet and outlet port of the supercharger and included in Pf. An engine driven mechanical supercharger was assumed with an overall efficiency of 60%. As it can be seen from Fig.15 , the intake valve throttled SI operation has the lowest friction in 4-stroke operations due to the lower in-cylinder pressure. The Pf values of 2-stroke operation modes are higher than that of 4-stroke operation modes because of the mechanical supercharger power consumption. This causes 7% decrease in Mechanical efficiency of 2-stroke CAI and SI at the same power output, as shown in Figure 16 . However, it would be possible to minimize such losses by employing a turbocharger in place of the supercharger. Figure 17 shows the Brake Specific Fuel Consumption (BSFC) in the seven operation modes, which is calculated from the ratio of the fuelling rate to the brake power obtained from the engine crankshaft. This reflects the total fuel consumption after taking the friction loss and the supercharger power into account. The 4-stroke exhaust rebreathe CAI operation mode has the best fuel economy and reduces the fuel consumption by 11.9% compared with 4-stroke throttle controlled SI operation mode. In the 2-stroke operation, as the engine operated at half IMEP load point of 4-stroke operations where mechanical efficiency and thermodynamic efficiency were lower than that of 4-stroke, the BSFC increased by 4.4% for CAI and 20.7% for SI. However, if 50% engine downsizing is adopted by a 2-stroke engine in place of a larger 4-stroke engine, the 2-stroke CAI operation will result in 29% reduction in BSFC at the same IMEP value.
CONCLUSIONS
By altering the intake and exhaust valve events through a fully flexible hydraulic VVA system, seven operation modes were realised in a single cylinder direct injection gasoline engine. Their efficiencies and emission results are presented and analysed in this paper. The main findings can be summarised as follows:
1. The 4-stroke throttle controlled SI operation mode has the highest pumping loss due to the partially closed throttle.
The 4-stroke exhaust rebreathing CAI operation mode has the lowest pumping loss when the exhaust gases are re-circulated during the intake stroke.
2. The 2-stroke SI has the lowest combustion efficiency due to slow and in-complete combustion.
3. The 4-stroke exhaust rebreathing CAI has the highest indicated efficiency due to the lowest pumping loss and higher thermodynamic efficiency caused by the shorter combustion duration. The 2-stroke SI has the lowest indicated efficiency due to the low combustion efficiency and thermodynamic efficiency.
4. The 2-stroke operation modes produce more CO emissions due to the shortened mixing process. Without the dilution of exhaust gases, 4-stroke throttle controlled SI and intake valve throttled SI combustion produce more NOx emission.
5. The 2-stroke CAI combustion will be most suited for part-load operations in a highly downsized DI gasoline engine and its overall efficiency can be further improved through turbocharging.
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